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ABSTRACT
Solar assisted heat pump systems are nowadays rar ely presented on the growing solar market compared to the
conventional solar hot water systems. Due to the high evaporation temperatures that are achieved when using
solar irradiation as a dominant heat source for evaporation (instead of surrounding air, sea water, ground heat,
etc.), solar heat pumps can yield remarkably higher (2 to 3 times) values of COP. In order to prevent a great
deterioration of the COP due to inconsistent weather conditions and irradiation, every such system should be
carefully optimized in terms of s olar collector area, capacity of compressor, evaporating and condensing
temperatures.
Analytical and experimental studies were carried out on a solar assisted heat pump consisting of two flat-plate
solar collectors acting as an evaporator for the refrigerant R-134a, a variable-frequency reciprocating type
compressor, a compact plate heat exchanger (condenser) and an electronic expansion valve. The average values
of COP ranged from 4 to 9 and solar collector efficiencies from 60 % to 85 % were recorded during the period
characterized by relatively high mean solar irradiation. The results of the system thermal performance
simulation were obtained for metrological and heat load conditions during the whole year. The results of
simulation were compared to the measured values for the system COP and the power used by the compressor.
The developed simulation model enables both, the optimization of the system components and of operating
parameters.

1. INTRODUCTION
Using solar irradiation as the heat source for the heat pump operation, has its origins in the 1970s, the period
when commercial solar collectors entered the heating equipment market. Together with the increase in number
of installed conventional solar systems, the solar assisted heat pumps (SAHP) attract the increased attention of
the researchers and the designers. Such sustainable heat pumps with doubled or even tripled efficiencies,
compared to the conventional heat pumps, have become commercially interesting for the application in
residential and tourist facilities. Their wider application will be also additionally stimulated by the decreasing
trend in solar collectors’ prices (today, the price of the collector with moderate efficiency on the European
market is about 100-150 €/m 2), and by the increase in fuel (gas and oil, as the mostly used in residential and
industrial facilities) and electricity prices. Nevertheless, it is still more difficult to find the producers of the
SAHP systems, compared to the conventional heat pumps using air, water or ground as the heat source to the
evaporator. Details on the heat source type and selection are given in ASHRAE Handbook (2000).
In the literature (Chaturvedi et al., 1998; Ito et al., 1999; Hawlader et al. , 2001; Aziz et al. , 1999;), the results of
analysis of the SAHP system operation, that usually consists of unglazed direct expansion solar collectors
(R134a, R22, R12), a compressor and a hot -water tank that acts as a condenser, can be found. Studies of the heat
pumps using direct expansion solar collectors were reviewed by Shinobu and Matsuki (1990). Chaturvedi et al.
(1998) used an unglazed collector with aperture area of 3.48 m2 , a compressor modulated by variable frequency
drive and a «shell & tube» type condenser. The refrigerant used was R12. The authors presented the equation for
optimal difference between the evaporation temperature and the ambient temperature to achieve the highest
collector efficiency. Evaporating temperature Te is maintained in a temperature range of 5-10 °C above the
ambient temperature. The influence of the compressor speed change on the system performance was also
analysed. The results showed that significant improvement of COP was achieved by modulating the compressor
capacity as climatic changes in the ambient temperature occurred. It o et al. (1999) used two unglazed collectors
with the total area of 3.24 m2 , the thickness of the copper absorber plate of 1 mm, the inside and outside
diameters of the copper tube were 8.0 mm and 9.52 mm, respectively. The pitch between tubes was 100 mm,
collectors were facing south with the inclination angle of 50°. Generally, simulation results agreed well with
experimental results presented for the refrigerant R12. Hawlader et al. (2001) used two unglazed collectors with
the total area of 3.0 m2 and with the same geometry as Ito et al. (1999). The water tank, in which the condenser
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was immersed, had the volume of 250 l. The refrigerant used was R134a. The results showed that the collector
area, the speed of compressor and solar irradiation have a large influence on the system performance.
Evaporating temperature is maintained higher than the ambient. Simulation results agreed well with
experimental results. Performance characteristics of the integral type SAHP were investigated by Huang and
Chyng (2001). The system consisted of a Rankine refrigeration cycle (R134a) and a thermosiphon loop that
were integrated together to form a package heater. Basically, the system consisted of an unglazed collector
(copper tube diameter 6 mm, absorber plate thickness 0.4 mm, collector area 1.44 m2), a reciprocating hermetic
compressor (250 W), a thermosiphon heat exchanger and a 105-liter water tank. The SAHP was designed to
operate with the evaporating temperature below the ambient . The system is intended to the sub-tropical climate
areas with relatively high ambient temperature during the winter season (> 10 °C). The equations that enabled
simulation of the system operation are also presented in the paper.
This paper presents the analysis of the direct expansion solar as sisted heat pump water heating system in which
unglazed flat plate solar collectors act as an evaporator for refrigerant R134a. The influence of solar irradiation,
ambient temperature and compressor speed on the fluid temperature and on the coefficient of performance is
given. The evaporating temperatures are usually below the ambient temperature.

2. TEST FACILITY
Experimental research is performed using a test rig with a heat pump, located in the laboratory of the University
of Zagreb, Faculty of Mechanical Engineering and N aval Architecture (Figure 1).

Figure 1: Schematic diagram of the experimental rig
In the two parallel-connected, unglazed solar collectors, the refrigerant R134a evaporates at the evaporating
temperature and pressure, receiving solar irradiation and exchanging heat with the ambient air by convection.
Collectors are mounted with the inclination angle of 45° to the horizontal plane and facing south. The collector
tube is Cu Ø12x1 mm and it is constructed in the form of a serpentine (Figure 1). The pitch between tubes is 150
mm. The inlet of the refrigerant in the collector is near the bottom. The absorber plate (thickness 1 mm) is made
of copper (absorptivity 0.92, emissivity 0.15). A reciprocating type semi-hermetic two-cylinder compressor with
the displacement volume of 46.65 cm 3 is used. The speed of compressor is controlled by a variable frequency
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drive. In the plate heat exchanger (condenser), the refrigerant is condensing delivering the heat to the water that
warms up. An electronic expansion valve controls the superheat and the mass flow of the refrigerant. The mass
flow is measured directly by a Coriolis-type flowmeter that is located in the liquid line between the receiver and
the electronic expansion valve. For the measuring of water-flow in the condenser, a volumetric method is used.
Temperatures are measured by copper-constantan thermocouples (T -type). Pressures are measured with pressure
transducers. For the measurement of solar irradiation on the inclined collector surface (45°), a pyranometer is
used. The electric power use of the compressor is measured by a wattmeter located on the frequency drive.

3. ANALYSIS
In Figure 2, characteristic points of the process during the operation of the SAHP in log p – h chart are
presented.
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Figure 2: Heat pump cycle in the log p - h diagram
Refrigerant temperatures at various locations in the system, the ambient air temperature, water temperatures at
the condenser inlet and outlet, condensing pressure (point 2), evaporating pressure (point 1), mass flow rate of
refrigerant, solar irradiation and electric motor power of the compressor are collected and converted by a digital
multimeter and the data acquisition software Labview every 15 sec. Both, thermodynamic and transport
properties of refrigerant R134a are evaluated using a computer program REFPROP, version 6.01 (McLinden et
al., 1998.).
Heat gain at the condenser Q C is obtained by the following equation:

QC = q mwc pw (ϑw o u t − ϑw i n )

(1)

where qmw is the water mass flow, cpw is the specific heat of water and qw out and q w in are water temperatures at
the condenser outlet and inlet.
The heat balance at the condenser can be also given for the refrigerant side:

QC = q mRT (h 2 − h 3 )

(2)

A similar equation is available for the evaporator capacity on the refrigerant side:

Qe = qmRT ( h1 − h4 )

(3)

Coefficient of performance (COP) for heating is defined as the heat gain at the condenser in relation to the
power of electrical motor (PE L) that runs the compressor:

COP =

QC
PEL

(4)

From experiment al results, a relation between the collector efficiency as a function of evaporating temperature,
ambient temperature and solar irradiation, as shown in Figure 3, is given by the equation:

ηcoll =

Qe
= 0.684 −13.4(Te − Ta ) / I
Acoll I
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Figure 3: Experimental collector efficiency correlation for test data
It can be seen that the collector efficiency values are remarkably high (0.6 to 0.85). For the same solar
irradiation (in W/m2 ), the collector efficiency is higher when the difference between the evaporating temperature
and the ambient temperature is greater. In that case, along with absorbing solar irradiation, the convective heat
exchange between the ambient air Ta and the refrigerant with lower evaporating temperature Te in the collector
is even more intensive. Compared to the conventional solar systems, where the convective heat loss on the
collector is encountered, this loss is significantly lower with the direct expansion SAHP, or it is even turned into
the heat gain if the refrigerant temperature, as above mentioned, is below the ambient temperature.
In the development of the simulation model, equation (6) is derived from equations (3) and (5). From equation
(6), the evaporating temperature is determined by iteration, with the condensing temperature held constant.

η coll Acoll I =

η vVd N
(h1 − h4 )
v1 x60

(6)

The mass flow of the refrigerant is:

qmRT =

η vVd N
v1x 60

(7)

The effective compressor power Peff , taken over by the refrigerant at semi-hermetic and hermetic compressors,
is equal to the electric power of compressor PEL measured at the frequency drive, reduced for the compressor
heat losses DQ comp and the losses of the frequency drive DPinv (Hobauer, 1996), as shown in Figure 4.
mRT 2

Pinv

Qcomp
inverter

PEL

semi-heretic
compressor

qmRTh1

system
boundary

Figure 4: System boundary for compressor
The effective efficiency of t he compressor is equal to:

ηeff =

Peff
q (h − h )
= mRT 2 1
PEL
PEL
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Experimental correlation for the compressor efficiency as a function of the compressor speed and the mass flow
rate of the refrigerant, is also obtained:

η eff = 0.32 ln [ f ⋅ qmRT ] + 0. 885

(9)

Equation (9) is valid for the frequency range of 25 to 55 Hz only.
For the condenser, the following equation is valid :

QC = Qe + Peff

(10)

4. RESULTS AND DISCUSSION
In Figure 5, the results of measured temperatures in the characteristic process points on 16 th M arch 2004, from
11:45 to 1 2:45, are presented. During the system operation, the condensing temperature was constant (45 °C).
Water temperature at the inlet of the condenser (T5) was also kept constant at 30 °C. The degree of superheat at
the collector exit was less than 6 °C.
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Figure 5: Variation of experimentally measured parameters in time
It was expected that the evaporating temperature is not going to change significantly, because the greatest
influence on its value have the solar irradiation (in W/m 2) and the ambient temperature, and these parameters
were almost not changing during the measuring period. The ambient temperature was slightly increasing, while
the solar irradiation was slowly decreasing and the consequence was almost constant evaporating temperature.
Evaporating temperature has the smoothest curve. On the other hand, the superheat temperature (Tsup ) shows
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greatest oscillations, which was also expected. The control of the refrigerant flow to the evaporator is performed
by the electronic expansion valve which always tries to keep the minimum stability superheat at the evaporator
outlet. When the refrigerant superheat stability is low, the electronic expansion valve increases superheat and
maintains it in the preset range. These changes of the superheat temperature are clearly marked during the
system operation. The change of compressor power in time is also presented in Figure 5. The speed of
compressor is held constant (40 Hz). In addition, the oscillation s of the electric motor power (PEL ) of the
compressor can also be seen. The reason is in the pulse-modulating operation of the electronic expansion valve.
With the solar irradiation of about 1000 W/m 2, the ambient temperature of about 17 °C and the condensing
temperature of 45 °C, the evap orating temperature of 16.6 °C and the COP of about 6 are obtained. The COP
characteristic also oscillates, because the COP is a function of PEL.
Experiment results, given for a certain time period (Figure 5.), show a steady-state operation and practically
enable the averaging of the process parameters as steady-state points for 15-minute period. F igure 6 gives the
SAHP characteristics on 17th September 2003, from 11:30 to 14:00, depending on the speed of electric motor of
compressor in the steady-state process points. Ambient temperatures ranged from 21°C to 25 °C, while the solar
irradiation was in the range from 830 to 980 W/m 2 . Condensing temperature was maintained at 50 °C by a
condensing pressure controller. The inlet temperature of water was 35 °C and the outlet temperature was in the
range from 46.5 to 48 °C. The compressor frequency was changed gradually from 25 to 55 Hz in 5-Hz steps.
Approximately, the system needed about 10 minutes to reach a certain steady -state operating point.
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Figure 6: Comparison between the experimental and analytical results of evaporating temperature, heat gain,
compressor power and COP
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A significant change of the COP is obtained by the change in the compressor speed, ranging from 4.4 (for the 55
Hz frequency) to 6.5 (for the 27 Hz frequency). With a lower speed, the refrigerant mass flow through the
collector is also lowered, leading to a higher refrigerant temperature in the collector (higher evaporating
temperature Te) and therefore a higher COP. On the contrary, if the speed is higher, the refrigerant mass flow
through the collector is higher, which results in the higher power use of the compressor and the lower COP.
Analytical results (dashed line) generated from the simulation model indicate a good agreement with
experimental data.
In Figure 7, the relation between the COP and the evapor ating temperature is presented. The COP is higher for
higher evaporating temperatures. For instance, when the condensing temperature is 50 °C and the evaporating
temperature is 26 °C, the COP reaches the value of 6.7. Logically, the COP is higher when the condensing
temperature is lower (the outlet temperature of water on the condenser is lower). In practice, it is necessary to
maintain higher condensing temperature, because the outlet temperature of water on the condenser should be
maintained at 50 to 55 °C . When the condensing temperature is increasing, the compression ratio and
compressor power are also increasing.
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Figure 7: Relation between COP and the evaporating temperature

5. CONCLUSION
In this paper, the analysis of the direct expansion solar assisted heat pump, using the refrigerant R134a, is
performed. Experimental results, obtained on a test rig (Figure 1), showed the significant influence of the
compressor speed and the solar irradiation on the system performance. The solar heat pump usually operates
with evaporating temperatures lower than the ambient temperatures, Te < Ta . In that case, besides the solar
irradiation, the collector is also absorbing the heat from the ambient air by convection. The collector efficiency
was in the range of 0.6 to 0.85, which is a significant improvement, compared to the conventional solar hot
water systems ( ηcoll = 0.4 to 0.6). The system can be optimized by changing the compressor speed (Figure 6).
With a lower speed, the refrigerant mass flow through the collector is also lowered, leading to a higher
refrigerant temperature in the collector (higher evaporating temperature Te) and therefore a higher COP. The
COP of the heat pump is in the range 4 to 9, depending on the system parameters settings. By the increase of the
solar irradiation to the collector, the increase of the ambient temperature, or the decreas e of the compressor
speed, the COP increases. On the other hand, by the increase of the condensing temperature, or the increase of
the water temperature on the condenser outlet, the COP decreases.
Results of the simulation are slightly different from the results of the experimental analysis. The cause could be
in a complex system configuration and in numerous parameters that have an impact on the system performance,
especially the volumetric efficiency and the effective efficiency of the compressor.
The use of the electronic expansion valve turned out to be a good choice. Manual control of the superheat for
different evaporator capacities, as it is done with standard expansion valves, is avoided. The modulating
operation of the electronic expansion valve has as a consequence oscilating characteristics of the main system
parameters, i.e. the compressor power and refrigerant mass flow.
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NOMENCLATURE
Latin letters
Acoll
COP
cp
f
h
I
N
Peff
PE L
DPinv
p
qmRT
qmw
Qe
QC
DQcomp
Ta
Tc
Te
Tsup
Tsub
Tcomp
v1
Vd
Greek letters
ηv
ϑ
ηeff
ηcoll

collector area
(m2 )
coefficient of performance
(-)
specific heat
(J/(kgK))
frequency of electric supply
(Hz)
specific enthalpy
(kJ/kg )
solar irradiation on collector (W/m2 )
number of revolutions
(rpm)
effective compressor power
(W )
electric power of compressor (W)
power loss on inverter
(W)
pressure
(bar)
mass flow rate of refrigerant (kg/s)
mass flow rate of water
(kg/s)
heat collected at evaporator
(W)
heat gained by heat transfer fluid at condenser (W)
heat loss on compressor
(W)
ambient temperature
(K)
condensing temperature
(K)
evaporating temperature
(K)
superheat temperature
(K)
subcooled temperature
(K)
refrigerant temperature at compressor outlet (K)
specific volume at compressor inlet (m 3 /kg)
displacement volume
(m3 )
volumetric efficiency of the compressor (-)
o
temperature
C
effective compressor efficiency (-)
efficiency of the collector
(-)
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